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Figure 16. Schematic diagram of experimental SHR
apparatus

system, the pure tone appears as a 117 dB spike in the spectrum at
130 Hz (dashed line). Other harmonics at 60 and 180 are
attributed to distortion in the disturbance speaker. With the
compensated, closed-loop system, the spectrum (solid line),
shows the tone at 130 Hz is reduced drematically to 85 dB,
representing a 32 dB noise reduction. Nonetheless, significant
background noise is introduced by the closed-loop actuator in a
broad band between 60 and 200 Hz This sound is below 80 dB,
but becomes significant since the disturbance has been reduced to
85 dB. The shape of the broadband noise is similar to the B ID;
transfer function result predicted by the model in Figure 12. Itis
attributed to random electrical noise introduced in the speaker
secondary coil voltage and magnified by the compensation
amplifier Ky, The overall sound pressure level was also

recorded at the open duct end using a B&K sound level meter.
With the uncompensated, open-loop system, the overall sound
pressure level was 118 dB, and with the compensated closed-loop
system, the overall sound pressure level was 100 dB, representing
18 dB of overall SPL noise reduction.

Uncompensated Actuator Results

The previous experiments were repeated with the actuator in the
uncompensated configuration. Figure 20 shows the
uncompensated closed-loop /A /D; response without the duct
with gains from Table 6. As predicted by the model, the
uncompensated actuator does not resonate at the lower frequency.
Instead the only resonance OCCUrS at a higher frequency near 240
Hz The controller was able to amplify the magnitude by 20 dB
and shift the resonant frequency from 240 Hz with gains £p = ¥. ¢

= 0 higher and lower in frequency by 25 Hz.

Table 5. Controller gains used in Fi 17

Graph A B C D
Kp 0 034 | -034 | -024
X, 0 -120 30 250
amp 30 30 30 30
Resonant Frequency (Hz) 130 100 130 170
Percent Damping S0 5 5 5
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Figare 17. Experimental closed-loop frequency response of
coupled system with compensated actuator showing that

controller amplifies the peak magnitude and moves the
resonant frequency
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Figure 18. Schematic of experimental setup
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Figure 19, Sound pressure level in acoustic duct with SHR used
to reduce pure tone disturbance, dashed line: compensator and
controller out of the loop, solid line compensator and controller

in the loop with controller gains set to tune SHR to the

disturbance tone frequency of 130 Hz
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Figure 20. Experimental frequency response of closed-loop
SHR with uncompensated actuator
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Figure 21. Sound pressure level spectrum with pure tone
disturbance at 185 Hz with open and closed-loep SHR and

uncompensated actuator
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Table 6. Controller gains used for Figure 20

Graph A B C D
Kp 0 0 1.0 2.0
K 0 2520 | 2520 | 1740
Komp 1 1 1 1
Resonant Frequency (Hz) 250 225 250 280
Percent Damping 50 6 6 6

The last experiment shows that the SHR with the
uncompensated actuator reduces noise in a duct without
introducing significant random noise into the system. The SHR
and duct setup (Figure 18) was repeated with the uncompensated
actuator and SHR. A 185 Hz pure tone was injected into the duct
end by the second audio speaker. Figure 21 shows the SPL
spectrum recorded at the duct end with open-loop (dashed line),
then closed-loop with gains set to tune the system to match the
noise frequency (solid line). With the open-loop system, the peak
SPL is 107 dB at 185 Hz. With the closed-loop system, the noise
level is reduced to 98 dB, representing a 9 dB noise reduction.
The background noise level is below 60 dB indicating that the
uncompensated actuator does ot introduce significant noise to
the system. The overall SPL measured with a sound level meter
showed identical results (9 dB noise reduction) indicating that in
both open and closed-loop settings the noise is dominated by the
narrow band tone at 185 Hz.

186

CONCLUSIONS
The actuator is a critical component in the implementat;
the SHR. Compensated and uncompensated acruator:m:,,;:

presented. Both were shown by analytical mode] and
experimental results to be effective in the SHR Both
uncompensated and compensated actuators introduced

significant dynamics into the system, requiring modification of
the feedback controller design. However the compensated
actuator was found to introduce random noise, degrading the
overall SPL noise reduction.  The uncompensated actuator dig
not introduce noise into the system, but could not generate as
strong a resonance as the compensated actuator. It also had a
higher resonant frequency. These conclusions lead to a criterion
for choosing which actuator is optimal for different applications,
For applications where a narrow band . disturbance must be
minimized without concern for the sound quality, the
compensated actuator is superior. Alternatively, if sound quality
is of concern, then the random noise introduced by the
compensation may be objectionable even though the overall SPL
is higher. In this case, the uncompensated actuator may be a
better choice.
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